Introduction
The Millennium Ecosystem Assessment (MEA) has conducted the first major integrated global assessment examining degradation of ecosystems and the impact this process has on the health of humans which inhabit them 1 . It highlights that physical, chemical and biological anthropogenic influences such as restructuring (e.g. land use change, deforestation, water resource development), over harvesting, introduction of exotic species, and contamination of air, land or water, all contribute to disruption of natural ecosystems. Such disruptions can impact human health directly (e.g. flood, fire) or indirectly (e.g. livelihood loss and, most importantly in the context of this paper, increases in disease transmission due to changes in the ecology of disease vectors). The rate of ecosystem change has accelerated rapidly over the last 50 years due to increased utilisation of ecosystem services and human intervention, putting pressure on existing ecosystem services. Although many changes may improve health locally in the short term, detrimental effects may be displaced in time and/or space. 1 As has previously been summarised in simple terms, the key message of the MEA report is that "ecosystem degradation has happened, it is bad for us, and it is going to get worse unless we intervene radically". 2 Research into human health issues using an ecosystem approach must inherently be multidisciplinary to take into account the range of systems and processes involved. 3, 4 New fields of research have been developed to meet this need, an excellent example being medical geology. 5, 6 Medical geology is defined as the study of the relationship between the geosphere and human health, and focuses on current issues that generally involve exposure to toxic elements or compounds of direct geogenic origin (such as mercury and asbestos), but including geosphere modifications which may indirectly affect human health (groundwater mismanagement) 7 . As such it is by definition dependent on multidisciplinary research collaborations involving at least geologists and health professionals, but more often also climatologists, ecologists, anthropologists, and others. The monitoring needs of these research teams are therefore also multidisciplinary, with environmental monitoring and health outcome data both being essential. 8 In this paper, we explore examples of the interplay between such monitoring data using tropical mosquito borne diseases and their relationship to changes at the soil-water interface, including secondary soil salinisation, waterlogging, agriculture, forestry, and urbanisation.
The holistic ecosystem health approach places equal emphasis on the dual endpoints of human and ecosystem health, and recognises that both must be taken into consideration for sustainable development to occur. 9 The recognition of these dual endpoints generates several important practical implications for the rapidly growing populations in tropical regions. 10 Human health can be used as a 'yardstick' of the health of the ecosystems in which these communities are located. 11 Thus human health data, which are generally more closely monitored than ecological indicators, can be used to direct rapid and appropriate ecosystem interventions to improve the health of the environment, which will ultimately manifest as an improved health status for the resident human population. 12 A major advantage in using disease outbreaks as bioindicators of even subtle ecosystem disruptions is that the health of human populations is generally subject to more widespread and more accurate surveillance than is ecosystem health. 12 Nowhere is this more relevant than in non-industrialised nations, where the infrastructure and resources to monitor disruptions to the hydro-geosphere are generally not available. In contrast, many sources of datasuch as those obtained from communicable disease notification systems -provide ongoing measurement and monitoring of human communities in even the most challenging socio-economic environments. Traditional environmental bioindicators (such as water quality, biodiversity or changes in nutrient cycling) and more recent advanced indices (such as thermodynamics, resilience estimates, exergy, and emergy) are indisputably accurate indicators of ecosystem disruption, but are much more complex and difficult to collect and require an expensive and dedicated research effort, often over many months or years. 13 The collection of such data is likely to be a lower priority for the limited health expenditure in developing countries than human infectious disease data collection.
One of the most pertinent sources of health data that can be used to signal underlying ecosystem processes relates to environmentally mediated vector-borne diseases. The MEA has prioritised a number of vector-borne diseases based on global burden of disease data and sensitivity to ecological change, including: 14 • malaria across most ecological systems; • lymphatic filariasis and Japanese encephalitis virus in cultivated and inland water systems in the tropics; • dengue in tropical urban centres; • West Nile Virus in urban and suburban systems of Europe and North America. Clearly the diseases of most relevance in nonindustrialised countries, particularly in tropical biomes, that also appear to be the most inherently suitable for evaluating ecosystem change, are those borne by mosquitoes. The purpose of this paper is to consider interactions at the soil water interface that affect mosquito-borne disease incidence, and to discuss the utility of mosquito-borne disease in tropical ecosystems as a proxy to both detect underlying ecosystem disruption and to direct rapid and appropriate interventions.
The re-emergence of mosquito-borne disease
Mosquito-borne diseases are re-emerging as a significant threat to public health worldwide. 15 Despite persistent control and eradication efforts throughout the 20 th century, malaria remains the most prevalent infectious disease affecting humans worldwide. In fact, global morbidity and mortality due to malaria has increased in recent decades with resistance developing to antimalarial drugs, the spread of disease to new areas and re-emergence in regions where malaria was previously thought to have been eliminated 16 . There has also been a significant increase in activity of several important existing arboviral diseases over recent decades. 17 As with malaria, arboviral epidemics have occurred in areas thought to be effectively under control and many viruses have expanded into new geographic areas. 18, 19 The resurgence of dengue/dengue haemorrhagic fever and yellow fever, two examples of the re-emergence of arboviruses previously thought to be under control, have been reviewed by Gubler. 20 Arboviral expansion into new geographic areas is clearly illustrated by the incursion and establishment of West Nile virus (WNV) into the United States 21, 22 and the recent rapid emergence of Chikungunya in the Indian Ocean region. [23] [24] [25] 
Mosquito-borne disease as an indicator of disrupted soil/water systems
As we head into the 21st century it is predicted that water availability will be one of the key factors that will limit development. Between 1900 and 1995, water withdrawal worldwide increased six-fold, more than twice the rate of population growth. 26 It is also estimated that climate change will account for approximately 20% of the increase in global water scarcity over the next 20 years and many tropical and subtropical regions in particular are likely to receive lower and more erratic rainfall. 27 Thus we will become more reliant on modifying water systems to ensure continued supply.
The artificial provision of water comes at a cost in terms of increasing the potential for mosquito breeding and associated disease transmission.
Water resource developments such as dam construction, establishment of artificial wetlands, and agricultural irrigation are important examples of such changes that may support mosquito breeding and influence associated disease transmission. Over 45,000 'large' dams greater than 15m high and countless more small dams currently exist worldwide, predominantly in the Asian region, and new large dams are being constructed at a rate of 160 to 320 per year. In many cases economic, rather than environmental or ecological considerations, have taken precedence when considering the long-term impact of dam construction. 28 Altered flow regimes downstream and increased water volume upstream have important ecological implications, including changes in mosquito breeding and associated disease transmission. 29 30 . The construction of artificial wetlands for a range of purposes, such as effluent treatment or filtering of urban storm water runoff prior to entering rivers, has also been associated with mosquito breeding. 31 Disruptions to hydrogeology can influence mosquito breeding and alter associated disease risk by means of secondary soil salinisation and waterlogging. Based on a review of salinity tolerance studies on various mosquito species, Mulla et al. 32 conclude that soil and water salinisation may result in a composition change or succession of mosquito species and thus influence associated disease risks. Soil salinisation can lead to changes in the abundance and distribution of vector mosquitoes either (1) directly, as the waterlogged soil provides a greater area and temporal duration of potential mosquito breeding habitat following rainfall; and/or (2) indirectly, through a decrease in biodiversity of aquatic invertebrate predators that may be more salt sensitive leading to a reduction in interspecific resource competition. 33 Waterlogging and soil salinisation are mentioned as potential environmental risk factors for malaria in Egypt 34 and Saudi Arabia, 35 although the association is not tested. Temel 36 used correlation, regression and spatial analysis to examine the agricultural, environmental, and institutional determinants of malaria in Azerbaijan in 1999. Soil salinity was both positively correlated (correlation coefficient 0.34) and significantly related in the regression analysis to increasing malaria incidence.
Spatial analysis using geographical information systems (GIS) also showed that malaria incidence was highest in low lying, saline regions. However no statistical spatial analysis was undertaken to formally test this association and no entomological investigations of mosquito species present were undertaken as part of the study.
A converse temporal association is apparent in Punjab, Pakistan where secondary soil salinisation increased over recent decades but malaria incidence decreased. Klinkenberg et al. 37 compared routinely collected entomological surveillance records with historical ground water levels and conductivity data in the Bahawalnagar district in southern Punjab from 1970 to 1999. They showed that as salinity increased, species composition changed significantly over the study period (p<0.001) from a predominance of An. culicifaces to An. stephensi. General linear modelling showed a change in the abundance of An. stephensi relative to An. culicifacies of approximately 2% per year over the study period, until by 1999 the percentage of rooms surveyed positive for An. stephensi and An. culicifaces was approximately 50% and 20% respectively. Although both species are known vectors of malaria in rural Pakistan, An. culicifacies is considered to be the primary vector -and is also less salt tolerant than An. stephensi. 37 These two studies demonstrate the potential for mosquito borne disease risk to be altered as a result of soil salinisation. In the latter case the more salt tolerant mosquito species was a less efficient disease vector: however when the reverse is true, such as in south-west Western Australia where the development of dryland salinity appears to have favoured the inland spread of the Ross River virus vector Aedes camptorhynchus, 38 the hypothesis would predict an increased risk to human health.
Mosquito-borne disease as an indicator of escalating agricultural intensification
Agriculture is the key driver of water resource development, accounting for approximately 40% of global land area 39 and 85% of consumptive water use. 40 Agriculture is also independently highly ecologically disruptive because it involves clearing of biodiverse native vegetation and replacement by monoculture crops. Thus simplified, nutrient rich ecosystems are deliberately maintained, in which crop genetics, soil fertility and pests are all tightly controlled. 41 Agriculture is driven primarily by production of commodities of economic value, and therefore ecological values are largely forgotten. 42 If current trends continue, the global area under agricultural management will double by 2050, driving further habitat destruction, eutrophication and loss of ecosystem services. 43 Escalating agricultural development may directly impact on human health through increasing pollution, pesticide use, non-medical use of antibiotics and emerging zoonotic diseases (e.g. bovine spongiform encephalopathy). 44 However the indirect human health risks resulting from such large scale agricultural development are potentially even more significant. 45 Agricultural irrigation development reduces ecological diversity and may favour colonisation of new plants and animals, including pest species. 46 The presence of water is integral to the survival, growth and development of both agricultural crop plants and mosquito larvae. Thus irrigation for agricultural purposes that is not carefully managed and produces standing water long enough for larvae to fully develop provides ideal mosquito breeding habitat. Surface/furrow irrigation associated with rice fields, irrigated crops and pastures is highly conducive to breeding of many disease carrying mosquito species. 32 Studies in tropical areas have shown that the mosquito breeding season may be extended in areas with controlled irrigated agriculture, with peaks in mosquito abundance during the dry season coinciding with water releases into irrigation canals and fields. [47] [48] [49] Recent studies in Mali 50, 51 and the northern tropics of Western Australia 52 have shown that irrigated areas can sustain continuous, year round mosquito breeding that would not be otherwise be possible in non-irrigated areas due to lack of rainfall in dry season months.
Extensive irrigation schemes required for rice cultivation have been associated with breeding of mosquito vectors for a range of diseases including Japanese encephalitis, lymphatic filariasis, West Nile and Rift Valley fevers, and most frequently, malaria. 53 Agricultural development and associated environmental changes have played a pivotal role in the natural history and spread of malaria. 54 The relationship between irrigation development for rice cultivation, breeding of Anopheles mosquitoes and malaria transmission in local communities has been documented in the literature as far back as 1882 55 cited in 56 and the term 'rice malaria' was coined in the 1930's to describe this well recognised association. 46 Evidence from tropical regions has consistently shown an association between irrigation, particularly for rice cultivation, and breeding of malaria vectors. [57] [58] [59] [60] [61] However, the complex nature of mosquito-borne disease transmission means that the exact impact on health is often variable and difficult to predict. Indeed, a recent review of the impact of sixty examples of land use change on anopheline ecology found that in 36 examples anopheline density increased, resulting in an increase in local malaria transmission in 25 of these cases and, no significant change in the other 11. Anopheline density decreased in the remaining 24 examples, of which a decrease in malaria transmission was observed in only 8 cases. 62 A number of field studies in Africa have shown that although rice cultivation was associated with increased mosquito breeding, this translated into a greater prevalence of malaria only in areas of fringe transmission where immunity was low. 63 In fact, in areas with stable malaria transmission, the introduction of rice irrigation schemes generally decreased the incidence of malaria due to a higher standard of living in irrigated areas relative to non-irrigated areas, resulting in increased use of anti-malarial drugs and other protective measures. 63, 64 This relationship is further confounded by a range of social and cultural changes that occur following the introduction of rice cultivation. 65 Therefore it appears that while the potential for higher transmission is increased by rice cultivation, the complex ecology of malaria means that the impact on disease transmission is not always consistent. The implications of this are discussed later.
Mosquito-borne disease as an indicator of deforestation
Another important driver of ecosystem change in tropical regions is deforestation. Current estimates indicate that approximately 5.8 million hectares of humid tropical forest is cleared each year with a further 2.3 million hectares significantly degraded and fragmented. 66 The implications of deforestation for malaria in Africa have long been recognised. 67 Forests do not provide a favourable breeding habitat for the primary vector, An. gambiae, because this species prefers open sunlit habitats and the forest floor tends to absorb standing water. "It is only when man cuts down the forest that breeding places for An. gambiae become almost infinite". 67 This observation has been confirmed by empirical research that demonstrates, at a local level, both a direct link between deforestation and malaria transmission potential, 68, 69 and also an indirect link through modification of the local microclimate 70, 71 .
Similar findings have been observed in the Amazonian region 72 where malaria transmission is closely linked to anthropogenic processes, particularly landscape change. 73 A recent study in the Peruvian Amazon reported a human biting rate of the major local malaria vector, An. darlingi, that was more than 278 times higher in deforested compared to predominantly forested areas. 74 Deforestation has also been linked to enhanced transmission of several arboviral diseases in the Brazilian Amazon. 75
Mosquito-borne disease as an indicator of urbanisation
Urbanisation results in greatly increased human population densities and significant environmental modification. Well planned urbanisation development with appropriate sanitation facilities and infrastructure is not generally associated with increased mosquito borne disease risk. However even in modern Western urban areas, subterranean storm water and sewerage systems can harbour mosquitoes and facilitate disease transmission. [76] [77] [78] [79] Dengue fever is a major health risk in tropical urban areas because the main vector, Ae. aegypti, is highly adapted to, and strongly associated with, high density urban environments. 80 It breeds in artificial containers such as pots, vases, tanks and discarded tyres, and has a strong preference for feeding on humans. Transmission cycles occur directly between mosquitoes and humans and do not involve an animal reservoir. 81 The re-emergence of this disease as a global health issue has been linked with rapid, unplanned urbanisation in developing tropical regions over the latter part of the 20 th century 82 and strongly correlated with rapid human population expansion. 83 However in the case of malaria in tropical regions, urbanisation generally tends to limit the availability of breeding habitat and reduce transmission. A meta-analysis of studies from tropical sub-Saharan Africa demonstrated a general negative linear relationship between urbanicity and annual entomological inoculation rates (the number of bites of infected mosquitoes received per person per year) with mean annual rates of 7.1 in urban centers, 45.8 in peri-urban areas, and 167.7 in rural areas. 84 Significant variation was observed both between and within cities, caused by differential patterns of landuse, human demographics, municipal initiatives, and individual and household variables. Similarly, on the Indian Ocean island Réunion, rapid urbanisation appears to have been instrumental in the successful eradication of malaria: The small (2500km 2 ) island, which is part of France, experienced rapid urbanisation in the second half of the 20th century (currently 750,000 inhabitants), and although the malaria eradication campaign carried out there in the 1950s was no different from those elsewhere, 85 unlike most tropical locations Réunion has managed to maintain its malaria free status without further intervention. 86 However unplanned urban development without proper consideration for sanitation and water disposal can still lead to increased malaria transmission as demonstrated in the Brazilian city of Manaus-Amazonas. 87
Conclusions
The increasing move toward merging existing fields of research and development of new integrated fields such as medical geology has generated new approaches to intervention for existing environmental and public health problems. As we have suggested previously, one such novel approach is the use of human disease outbreaks to rapidly identify underlying ecosystem disruption at a range of levels, and guide prompt and appropriate interventions that are beneficial to both human and ecosystem health. 12 The high burden of many mosquito-borne diseases, sensitivity to environmental change and the existence of more comprehensive disease surveillance systems in tropical regions compared to traditional environmental indicators, identify them as a potentially useful tool to monitor environmental disruption in tropical areas. Anthropogenic disruption of the interactions between land, soil and water is widespread in tropical ecosystems and has important implications for mosquito-borne disease, particularly in light of predicted future climate change scenarios. 88 For these reasons, we have focussed the preceding discussion on mosquito-borne disease, but outbreaks of other vector borne or environmentally mediated diseases (e.g. schistosomiasis, leishmaniasis, Chagas disease, Lyme disease, Lassa fever, hantavirus) may also be useful indicators of disruption in tropical ecosystems.
The use of mosquito-borne disease outbreaks as an environmental monitoring tool does have some limitations however. Ecological disruption does not always result in increased mosquito-borne disease incidence, but it nevertheless remains true that disease outbreaks generally occur in disrupted rather than in natural ecosystems. Therefore mosquito-borne disease represents a specific, but not particularly sensitive bioindicator of underlying ecosystem processes related to disruption of soil-water systems, agricultural intensification, deforestation and urbanisation. Given the high cost of not detecting ecosystem disruption and letting it continue unabated, monitoring of traditional environmental indicators of ecosystem health is, wherever possible, still vitally important. We therefore suggest that a multidisciplinary solution that incorporates mosquito-borne disease data may be a synergistic and cost effective addition to existing environmental monitoring strategies in tropical settings. Such monitoring would assist in prioritising the time and place of interventions that are concurrently beneficial to both ecosystem health and human health. As with all issues in medical geology (and ecosystem health research more generally), such interventions also must continue to be multidisciplinary if they are to address the range of underlying causal factors that monitoring data represent. 89 
